Abstract. The poleward gradient of the equatorial ionization anomaly (EIA) introduces more intense propagation effects on transionospheric satellite links in comparison to the equatorward gradient.
Introduction
The impact of a developed equatorial ionization anomaly (EIA) in the afternoon hours on the subsequent development of equatorial ionization density irregularities during postsunset hours was suggested by Raghavarao et al. (1988) and validated by several workers (Valladares et al., 2001 (Valladares et al., , 2004 Ray et al., 2006; Rama Rao et al., 2006; Ram et al., 2006; Nava et al., 2007) . However the majority of the validation exercise was performed at locations existing between the magnetic equator and the northern and southern crests of the EIA.
A developed EIA results in a sharp latitudinal gradient not only equatorward of the northern/southern crest but on the poleward side (i.e., total electron content (TEC) gradient from crest to poleward side latitude) as well, the latter being more intense than the former. Beyond the anomaly crest there is sharp decrease of TEC within few degrees of latitudes. While a lot of emphasis has been given to the adverse effects of the sharp gradient of the EIA from the magnetic equator towards the northern crest on SBAS (Satellite Based Augmentation System) operations, very little work has been done on the sharper gradient of ionization existing beyond the northern crest towards the midlatitudes. The issue that concerns to the SBAS system designers is the steeper gradient of the EIA poleward of the northern crest rather than the equatorward side as estimation of an optimum grid size and group delays will be different on either side of the crest. The steeper gradient of the EIA beyond the northern crest has been well illustrated by Rastogi and Klobuchar (1990) . Paul et al. (2011) Siliguri (26.72 • N, 88.39 • E geo, 39.49 • N mag. dip), located more or less along 88.5 • E meridian situated between the northern crest of the EIA and extending well beyond the northern crest up to 40 • N magnetic dip. Total electron content (TEC) was measured at three stations (Calcutta, Baharampore and Siliguri during the equinoctial period of 2011 and Calcutta, Farakka and Siliguri at vernal equinox of 2012) and the latitudinal gradient of TEC estimated for the poleward side of EIA. The effect of spatial contamination of TEC from GPS satellites was eliminated by using satellite links at elevation angles in excess of 50 • . In order to find a correlation between the poleward gradient of TEC calculated during the afternoon hours with post-sunset occurrence of GPS scintillations at Calcutta, situated at the northern crest of EIA, S 4 values measured on GPS links within a subionospheric swath of ±1 • in latitude and longitude around Calcutta were used. TEC measurement at locations beyond the northern crest of the EIA in the Indian longitude sector are sparse with the exception of records from Delhi and stations at Simla and Hanley operated under Indian SBAS GAGAN (GPS-Aided Geo-Augmented Navigation). However, to the best of our knowledge, studies correlating the poleward gradient of TEC with post-sunset scintillation occurrence have not been reported from the Indian region. It is important to note that the poleward region of EIA having steeper TEC gradients in comparison to the equatorward side introduces greater range error rates and will pose more challenging situations for reliable SBAS operations.
A specific deliverable from this novel experiment was to develop quantitative relation between the poleward latitudinal gradient of TEC measured during the afternoon hours and the occurrence of post-sunset L-band scintillations from a station near the northern crest of the EIA with a realistic lead time so as to issue effective alarms for SBAS users around this region.
Data
During the multi-station campaigns, slant total electron content (STEC) and S 4 variations are measured for the period of March-April 2011, August-October 2011 and March-April 2012, for moderate sunspot (∼ 60-120) activity year, from three dual-frequency GPS receivers, situated on the northern crest of equatorial ionization anomaly (EIA) and beyond almost along the same geographic longitude (∼ 88.5 • E). The station at Calcutta, operated by the Institute of Radio Physics and Electronics (IRPE), University of Calcutta, Calcutta (22.58 • N, 88.38 • E geo, 33.82 • N mag. dip), has been part of the international SCINDA (SCIntillation Network Decision Aid) program of the US Air Force since November 2006, whereby a dual-frequency ionospheric scintillation and TEC monitor is operational continuously providing diurnal TEC plots, scintillation indices S 4 at 1 min interval and polar plots corresponding to different satellites observed during the whole day. These data may be accessed in a post-processed format by authorized users.
A software-based dual-frequency high-resolution GPS receiver was operated at the North Bengal University, Siliguri (26.72 • N, 88.39 • E geo, 39.49 • N mag. dip), during the three equinoctial periods mentioned above. Amplitude and phase scintillation data from this receiver were digitally logged at sampling frequency of 50 Hz while the TEC data were recorded at 1 min sampling interval.
Another dual-frequency ionospheric scintillation and TEC monitor was operated at K. N. College, Baharampore (24. (15) (16) for an elevation greater than 50 • were used. The measured STEC was converted to equivalent vertical TEC (VTEC) using a slanting factor, which involves the zenith angle at the station. The mapping function used to convert the slant TEC to vertical TEC is given by the
where r E is the radius of the Earth, El is the elevation angle at the receiver location and h M is the height of the maximum electron density = 350 km (Breed et al., 1997; Nava et al., 2007) .
vertical TEC = slant TEC/slanting factor.
In order to eliminate any longitudinal effect on S 4 , the maximum S 4 measured at 1 min sampling interval from all satellite links observed from Calcutta above an elevation of 70 • over the time interval 18:00-06:00 LT (local time) was used. The elevation masking was taken greater than 70 • to eliminate the multipath and range rate error effects of a GPS satellite. As geomagnetic activity influences the ionization and hence the TEC, data from different stations have been used only on days when the hourly Dst index was greater than −50 nT and 3 hourly Kp index was less than 3+ during the period of 2011-2012 equinoxes. Therefore in March-April 2011, 26 days are considered out of 34 days; in August-October 2011, 55 days are considered out of 89 days; and in March-April 2012, 39 days are considered out of 45 days in this study.
Results
Figure 2a-c show the representative cases of latitudinal variation of VTEC at 10:00 UT (16:00 LT) along 88.5 • meridian, measured from three stations on 24 April 2011, 3 September 2011 and 12 April 2012 respectively for an elevation greater than 50 • . The differences in latitudinal gradient between the two sides of the northern crest of EIA are clearly noted from the figures. It is also noticed that the poleward TEC gradient is sharper than the equatorward TEC gradient. From Fig. 2a it is calculated that on 24 April 2011 the equatorward TEC gradient was 6.9 TECU deg −1 , while the poleward TEC gradient was 11.6 TECU deg −1 . Similarly from Fig. 2b There are several studies relating the equatorward TEC gradient with the occurrence of post-sunset scintillations (Raghavarao et al., 1988; Ray et al., 2006) . This is perhaps for the first time that efforts are being made to correlate occurrence of post-sunset scintillations with the poleward TEC gradient in the Indian longitude sector. To correlate the calculated poleward gradient of TEC with the occurrence of scintillations during the equinoctial periods of 2011-2012, observed from the GPS satellite data, maximum S 4 observed on a particular night at elevation > 70 • from Calcutta over a subionospheric swath of 87.5 • -89.5 • E, 21.5 • -23.5 • N during 18:00-06:00 LT was used. A threshold value of S 4 = 0.4 was considered for this analysis. The variation of S 4 with poleward gradient of TEC during MarchApril 2011 at 14:00, 15:00 and 16:00 LT is shown in Fig. 4a and March-April 2012, the threshold equatorward TEC gradients are 7 TECU deg −1 and 9.5 TECU deg −1 , respectively. The corresponding gradients on the poleward side are 8 and 11 TECU deg −1 . Chi-square (χ 2 ) test was performed with these threshold values to correlate occurrence of scintillation at Calcutta with S 4 ≥ 0.4 and the equatorward TEC gradients at 14:00, 15:00 and 16:00 LT respectively for each equinox.
A highly significant association at 1 % level is noted at 14:00, 15:00 and 16:00 LT during March-April 2011 and at 0.1 % level during August-October 2011 and March-April 2012.
Comparing the equatorward side TEC gradient with poleward side gradient, it is found that TEC gradients for the 
Discussions
Effects of the sharp latitudinal gradient of TEC existing in the equatorial latitudes have a profound effect on the reliability of performance of SBAS. Several workers have studied the plausible causes and effects (Ray et al., 2006; , 2001 , 2004 Rama Rao et al., 2006; Ram et al., 2006; Nava et al., 2007) of such steep TEC gradients and have strived to develop a predictive mechanism for occurrence for post-sunset scintillations. These exercises have mostly been restricted to the region between the magnetic equator and the northern and southern crests of EIA. Paul et al. (2011) utilized TEC measurements from a meridional chain of stations along 77 • E under the Indian SBAS GAGAN to study the different latitudinal gradients of TEC existing on either side of the northern crest. The latitudinal gradient of TEC beyond the northern crest of EIA was found to be sharper than that on the equatorward side of the crest, in conformity with the earlier suggestions of Rastogi and Klobuchar (1990) . However, to the best our knowledge, correlation of the poleward gradient of TEC during afternoon hours with occurrence of post-sunset L-band scintillations has not been reported in literature. The present paper reports the results of a novel experiment conducted over two equinoxes of 2011 and the vernal equinox of 2012 to establish conclusively a quantitative relation between the poleward latitudinal gradient of TEC measured during the afternoon hours with the occurrence of post-sunset scintillations from a station Calcutta situated near the northern crest of EIA in the geophysically sensitive Indian longitude sector. The present forecasting technique was able to identify threshold values of 7, 8 and 11 TECU deg −1 for latitudinal gradients of TEC measured at 14:00, 15:00 and 16:00 LT for the above three equinoxes respectively, which were subsequently followed by occurrence of post-sunset Lband scintillations with S 4max ≥ 0.4 over the time interval 18:00 to 06:00 LT. The present technique provides a maximum lead time of 4 h and a minimum of 2 h for L-band scintillation prediction. Further, for stations located beyond the northern crest of the EIA in the Indian longitude sector like Delhi, Simla, Baharampore and Siliguri, this technique could be effectively used as a precursor for post-sunset Lband scintillation.
